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HIGHLIGHTS 


•  We  prepared  a  series  of  Mg-La-Pd  trilayer  films  by  magnetron  sputtering  method. 

•  The  La  3  nm  film  possessed  the  fastest  sorption  rate  compared  with  other  films. 

•  The  hydrogenation  of  the  La  3  nm  film  saturated  within  14  s  at  298  K. 

•  The  La  3  nm  film  released  80%  of  hydrogen  within  60  min  at  298  K. 

•  The  maximum  discharge  capacity  of  the  La  3  nm  film  was  377.8  mAh  g* 1. 
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A  series  of  Mg-La-Pd  trilayer  films  (La  =  0.5-9  nm)  have  been  prepared  by  magnetron  sputtering 
method.  When  the  thickness  of  La  layer  is  larger  than  3  nm,  the  distribution  of  La  element  becomes 
homogeneous.  The  hydrogen  storage  properties  of  the  films  under  0.1  MPa  H2  and  at  298  K  are  inves¬ 
tigated  by  measuring  their  resistance  and  optical  transmittance  during  the  hydrogenation.  The  hydro¬ 
genation  of  the  La  3  nm  film  saturates  within  14  s  and  possesses  the  fastest  absorption  kinetics  compared 
with  other  Mg— La— Pd  films.  The  further  increase  of  La  thickness  decreases  the  hydrogenation  rate  due  to 
the  decreased  hydrogen  diffusion  rate  through  this  layer.  The  La  3  nm  film  also  exhibits  the  fast  hydrogen 
desorption  rate  in  air  at  room  temperature.  It  releases  80%  of  hydrogen  within  60  min.  The  electro¬ 
chemical  properties  of  the  Mg— La— Pd  films  have  been  carried  out  in  6  M  KOH  with  a  three-electrode  cell. 
Among  these  films,  the  La  3  nm  film  possesses  the  largest  anodic  area  and  anodic  peak  current,  as  well  as 
the  highest  maximum  discharge  capacity  of  377.8  mAh  g-1. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  extensive  research  has  been  focused  on  various 
potential  hydrogen  storage  materials  [1,2].  Among  numerous 
hydrogen  storage  materials,  magnesium  and  magnesium  based 
materials  have  attracted  great  attention  because  of  their  high 
theoretical  hydrogen  storage  capacities  (7.6  mass%  for  MgH2), 
lightweight  and  low  cost  [3-6].  However,  the  slow  kinetics  and 
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high  desorption  temperature  of  the  Mg-based  materials  seriously 
impede  their  applications  [7  .  Recently,  tremendous  efforts  have 
been  devoted  to  overcome  these  drawbacks,  such  as  the  fabrication 
of  Mg-based  nanocomposites  [8],  the  addition  of  alloying  elements 
and  catalytic  components  [9,10  ,  and  the  surface  modification  11  . 

The  Mg-based  films  prepared  by  sputtering,  thermal  evapora¬ 
tion  and  other  methods  exhibit  obvious  advantages  because  their 
dimension  and  crystallinity  can  be  accurately  tailored  in  nanoscale 
[12-16].  These  thin  films  show  potential  utilization  as  a  hydrogen 
detecting  sensor  [17,18  .  The  effects  of  the  thickness  and  micro¬ 
structure  of  these  films  on  the  hydrogen  absorption  and  desorption 
kinetics  have  been  investigated  [19—26].  Xu  et  al.  [21]  demon¬ 
strated  that  Mg2_xAlx/Ni  films  exhibited  superior  hydrogen 
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Fig.  1.  The  SEM  images  of  the  Mg-La-Pd  trilayer  films,  (a)  La  0.5  nm  sample,  (b)  La  2  nm  sample,  (c)  La  3  nm  sample.  The  EDS  measurements  were  conducted  at  A,  B  and  C  areas. 


absorption  and  desorption  performance.  Xin  and  coworkers  [27] 
prepared  Mg/Al/Pd  trilayer  films  and  found  that  the  hydrogen 
storage  properties  of  Mg/Pd  films  could  be  significantly  improved 
with  the  addition  of  Al  interlayer.  Mitlin  et  al.  [28]  reported  that 
Mg-Fe-Ti  films  were  capable  of  absorbing  nearly  5  wt.  %  H2  in 
seconds  and  desorbing  in  minutes,  and  this  sorption  behavior  was 
stable  over  cycling.  Rare  earth  elements  such  as  La  are  known  as 
effective  catalysts.  Slattery  reported  that  La2Mgi7  can  absorb  3.1  wt. 
%  H2  at  623  I<  with  LaH3  acting  as  a  catalyst  [29].  Li  studied  the 
maximum  discharge  capacity  of  the  La/Ni/Al  film,  which  was  only 
about  220  mAh  g_1  [30  .  To  the  best  of  our  knowledge,  Mg-based 
films  doped  with  rare  earth  element  have  rarely  been  investi¬ 
gated.  Furthermore,  the  electrochemical  properties  of  Mg-based 
films  were  rarely  reported.  In  this  study,  we  intend  to  prepare  a 
series  of  Mg-La-Pd  thin  films  with  various  thickness  of  La  inter¬ 
layer  by  magnetron  sputtering,  and  study  the  effect  of  the  La 
interlayer  on  their  properties.  The  Pd  cap  layer  is  necessary  to 
protect  Mg  and  La  from  oxidation.  The  hydrogenation/dehydroge¬ 
nation  properties  of  these  thin  films  under  mild  condition  were 
systematically  investigated  by  measuring  the  changes  in  the  elec¬ 
tric  resistance  and  the  optical  transmittance  value  during  hydrogen 
sorption.  In  addition,  the  electrochemical  hydrogen  storage  prop¬ 
erties  of  these  samples  were  further  studied  using  three-electrode 
system. 

2.  Experimental 

The  Mg-La-Pd  trilayer  films  with  various  thicknesses  of  the  La 
interlayer  were  prepared  using  the  direct  current  (DC)  magnetron 
sputtering  system  with  the  background  pressure  of  about 
2  x  10-4  Pa.  The  magnetron  discharges  were  generated  under  an 
argon  pressure  of  0.6  Pa  with  the  argon  flow  rate  of  76  seem.  The 
purity  of  the  argon  is  99.999%.  The  discharge  powers  of  Mg,  La  and 
Pd  were  14,  24  and  45  W,  respectively.  The  deposition  rates  of  Mg, 
La  and  Pd  were  measured  to  be  0.178,  0.05  and  0.33  nm  s_1, 
respectively.  Firstly,  Mg  layers  of  100  nm  were  deposited  onto  Si 
(110)  wafers  and  glass  substrates  using  a  Mg  (99.99%)  target.  Then, 
La  layers  of  0.5  nm,  2  nm,  3  nm,  4.5  nm  and  9  nm  were  deposited  on 
the  Mg  films,  respectively,  using  La  (99.99%)  target.  Finally,  a  Pd 
layer  of  10  nm  was  coated  on  top  of  the  La  layer  using  Pd  (99.99%) 
target.  Samples  with  different  La  thicknesses  of  0.5,  2,  3,  4.5  and 
9  nm  are  referred  to  as  La  0.5  nm,  La  2  nm,  La  3  nm,  La  4.5  nm  and  La 
9  nm,  respectively. 

The  crystal  structures  of  these  samples  were  identified  by  power 
X-ray  diffraction  (XRD)  using  a  Rigaku  X-ray  diffractometer  with 
monochromatic  Cu  Ka  radiation.  The  changes  in  resistance  of  these 
films  were  recorded  in  a  gas  loading  cell  equipped  with  a  four- 
probe  resistance  measurement  setup  and  monitored  using  an 
Agilent  34401 A  digital  multimeter.  The  electrochemical  experi¬ 
ments  were  performed  at  room  temperature  in  6  M  KOH  with  a 


three-electrode  cell  using  electrochemical  workstation  (CHI660E). 
Platinum  foil  and  Hg/HgO  were  used  as  the  counter  and  reference 
electrode,  respectively.  Prior  to  the  measurements,  the  films  were 
subjected  to  an  activation  procedure  between  -1.2  and  0.45  V 
(versus  Hg/HgO)  at  a  scan  rate  of  0.05  V  s-1.  This  potential  range 
corresponds  to  the  Pd(OH)2  formation/removal  on  the  Pd  cap  layer. 
During  the  charge/discharge  measurement,  the  electrodes  rest  for 
300  s  before  they  are  charged  at  16438  mA  g_1  for  2400  s.  Then,  the 
electrodes  rest  for  another  300  s,  and  are  discharged  at 
3287  mA  g-1.  The  cut-off  voltage  for  the  discharge  process  was  0  V. 
The  discharge  capacity  of  each  sample  was  measured  for  100  cycles. 

3.  Results  and  discussion 

Fig.  1  shows  the  SEM  images  of  Mg-La-Pd  thin  films,  and  the 
compositions  (at.%)  of  these  thin  films  at  A,  B  and  C  areas  were 
measured  by  EDS  and  listed  in  Table  1.  It  is  found  that  for  the  La 
0.5  nm  sample,  the  La  content  at  area  A  is  0,  quite  different  from  the 
La  contents  at  area  B  (2.8  at.%)  and  C  (2.7  at.%).  It  can  be  concluded 
that  the  La  layer  in  the  La  0.5  nm  sample  is  discontinuous.  As  to  the 
La  2  nm  sample,  the  La  contents  at  areas  A,  B  and  C  are  1.2,  2.5  and 
3.7  at.%,  respectively,  indicating  that  the  distribution  of  La  element 
in  the  La  2  nm  sample  is  uneven.  It  is  noted  that  for  the  La  3  nm 
sample,  the  La  contents  at  areas  A,  B  and  C  are  4.0,  3.9  and  4.0  at.%, 
respectively.  This  implies  that  when  the  thickness  of  La  is  larger 
than  3  nm,  the  distribution  of  La  element  in  the  Mg-La-Pd  films 
becomes  homogeneous. 

The  electrical  resistance  of  the  Mg-based  film  changes  during 
the  hydrogen  absorption,  which  provides  the  information  of  the 
hydrogenation  kinetics  [31].  The  time  evolution  of  the  relative 
resistance,  R/Ro ,  of  the  Mg-La-Pd  films  under  0.1  MPa  H2  at  298  K 
is  shown  in  Fig.  2,  where  Ro  and  R  are  the  initial  resistance  and 
measured  resistance  of  the  film  during  hydrogenation,  respectively. 
The  slope  of  the  curve  before  reaching  a  saturation  value  reflects 
the  hydrogenation  rate  of  the  films.  All  the  samples  except  La  9  nm 
and  La  4.5  nm  exhibit  a  significant  increase  in  relative  resistance 
change  after  exposure  to  hydrogen.  It  is  found  that  with  the  in¬ 
crease  of  the  La  thickness  from  0.5  to  3  nm,  the  hydrogenation  rate 
rises.  La  3  nm  film  demonstrates  the  fastest  hydrogen  absorption 
kinetics  at  ambient  temperature  among  these  samples.  The  relative 
resistance  of  La  3  nm  sample  reaches  a  constant  value  within  only 

Table  1 

The  compositions  (at.%)  of  the  Mg— La— Pd  thin  films  measured  by  EDS. 


La  0.5  nm  sample  La  2  nm  sample  La  3  nm  sample 


Mg 

La 

Pd 

Mg 

La 

Pd 

Mg 

La 

Pd 

Area  A 

78.6 

0 

21.4 

74.6 

1.2 

24.2 

74.5 

4.0 

21.5 

Area  B 

72.3 

2.8 

24.9 

74.7 

2.5 

22.8 

71.0 

3.9 

25.1 

Area  C 

73.8 

2.7 

23.3 

72.7 

3.7 

23.6 

72.4 

4.0 

23.6 
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Fig.  2.  The  time  evolution  of  the  relative  resistance,  RIR0<  of  the  Mg-La-Pd  trilayer 
films  under  0.1  MPa  H2  at  298  K. 

14  s  of  hydrogenation,  faster  than  the  Mg/Ti/Pd  film  of  15  s  [24  and 
Mg/Al/Pd  film  of  65  s  [27],  suggesting  the  complete  transformation 
from  Mg  to  MgH2.  When  the  thickness  of  La  is  larger  than  3  nm,  the 
hydrogen  absorption  rate  of  the  Mg-La-Pd  films  decreases  with 
the  increase  of  the  La  thickness.  At  the  beginning  of  the  hydroge¬ 
nation,  the  Pd  catalyst  promotes  the  hydrogen  dissociation  and  the 
hydride  of  PdHx  forms  rapidly.  Then,  the  hydrogen  atoms  pass 
through  the  hydride  layer  and  diffuse  in  the  metallic  layer  under¬ 
neath  [32  .  We  propose  that  in  this  work,  the  interlayer  of  La 
transforms  into  LaH3  during  hydrogenation,  similar  with  other  Mg- 
based  nanomaterials  containing  La  33].  The  thickness  of  the  La 
layer  is  of  great  importance  for  the  catalytic  effect.  When  the  La 
layer  is  very  thin,  e.g.  0.5  nm,  the  La  layer  is  uneven  and  its  catalytic 
effect  on  Mg  hydrogenation/dehydrogenation  can  not  be  fulfilled. 
On  the  other  hand,  if  the  La  layer  is  very  thick,  e.g.  9  nm,  it  will 
prohibit  the  diffusion  of  hydrogen  toward  Mg.  The  relative  resis¬ 
tance  of  La  4.5  nm  film  reaches  a  constant  value  within  35  s  of 
hydrogenation.  As  to  the  La  9  nm  sample,  the  resistance  value  does 
not  change  for  50  s,  suggesting  that  hydrogen  atoms  are  blocked  by 
the  thick  La  interlayer.  Thus,  the  La  3  nm  sample  exhibits  the  fastest 
hydrogen  absorption  kinetics  at  ambient  temperature  compared 
with  other  samples. 

To  examine  the  structural  changes  of  La  3  nm  sample  during  the 
hydrogenation  and  dehydrogenation,  X-ray  diffraction  measure¬ 
ments  were  conducted  and  shown  in  Fig.  3  (a).  The  diffraction 
peaks  around  40.0°  are  attributed  to  Pd  (111).  The  as-prepared  La 
3  nm  sample  displays  a  diffraction  peak  around  34.6° 


20  (degree) 

Fig.  3.  XRD  patterns  of  the  Mg-La-Pd  trilayer  film  with  La  interlayer  of  3  nm:  (a)  as- 
prepared;  (b)  after  hydrogenation  in  0.1  MPa  H2  at  298  K  for  5  h;  (c)  after  dehydro¬ 
genation  in  air  at  298  K  for  5  h. 


corresponding  to  the  (002)  plane  of  Mg.  After  hydrogenation  at 
298  I<  for  5  h,  the  Mg  (002)  peak  in  Fig.  3(b)  disappears,  whereas  the 
MgH2  (110)  peak  (2 6  =  28.4°)  can  be  clearly  detected,  indicating 
that  the  sample  transforms  completely  from  Mg  into  (3-MgH2 
phase.  After  the  full  dehydrogenation  in  air  at  room  temperature, 
the  MgH2  (110)  peak  disappears  and  the  Mg  (002)  peak  recovers,  as 
shown  in  Fig.  3(c),  suggesting  a  complete  hydrogen  adsorp¬ 
tion-desorption  cycle. 

Fig.  4  (a)  shows  the  optical  transmittance  spectra  of  the 
Mg-La-Pd  trilayer  films  after  absorbing  0.1  MPa  H2  at  298  K  for  5  h. 
It  is  known  that  before  hydrogenation,  the  Mg-based  films  are  in 
the  shiny  metallic  state  and  the  transmittance  values  are  close  to 
zero  [27  .  It  can  be  seen  from  Fig.  4  that  after  exposure  to  0.1  MPa  H2 
for  5  h,  the  transmittance  values  of  the  Mg-La-Pd  samples  in¬ 
crease  due  to  the  hydrogenation  of  the  Mg  layers,  suggesting  that 
all  the  samples  can  absorb  hydrogen  at  room  temperature.  It  is 
worth  of  noting  that  the  transmittance  value  of  the  Mg-La-Pd  film 
varies  with  the  thicknesses  of  La  interlayer,  and  the  La  3  nm  sample 
exhibits  the  largest  transmittance  value  of  21.9%,  higher  than  the 
Mg/Al/Pd  film  of  17%  [27  .  With  the  La  thickness  below  3  nm,  the 
transmittance  value  increases  with  the  La  thickness,  whereas  it 
decreases  when  the  La  thickness  is  larger  than  3  nm.  This  tendency 
agrees  well  with  the  resistance  changes  during  the  hydrogenation. 
The  transmittance  value  of  the  La  9  nm  sample  is  only  about  0.05%. 
According  to  the  Lambert-Beer  law,  the  transmittance  value  can  be 
correlated  to  the  amount  of  hydrogen  in  the  samples.  It  can  be 
concluded  that  Mg  in  the  La  3  nm  sample  transformed  almost 
completely  into  MgF^  phase,  while  the  hydrogen  atoms  can  hardly 
penetrate  into  the  Mg  layers  in  the  La  9  nm  sample  due  to  the  thick 
La  interlayer.  Fig.  4(b)  displays  the  corresponding  photographs  of 
the  La  3  nm  sample  during  hydrogen  absorption  and  desorption. 
The  image  of  the  camera  is  reflected  by  the  as-prepared  film  before 
hydrogenation,  so  the  badge  of  Beihang  University  behind  the 
sample  is  unable  to  be  observed.  After  hydrogenation  at  298  K  for 
5  h,  the  whole  badge  is  observed  clearly  through  the  transparent 
film,  indicating  a  visible  metal-insulator  transition.  After  dehydro¬ 
genation  in  air  at  298  K,  the  La  3  nm  sample  returns  to  the  highly 
reflecting  state  and  the  badge  is  totally  obscured  again.  The  excel¬ 
lent  switchable  mirror  properties  can  be  potentially  used  in  the 
hydrogen  sensors  and  energy-efficient  windows. 

To  evaluate  the  desorption  kinetics  of  the  La  3  nm  sample,  the 
optical  transmittance  changes  of  the  La  3  nm  sample  at  the  wave¬ 
length  of  500  nm,  T/To,  with  respect  to  exposure  time  during  the 
desorption  process  at  298  K  in  air  was  measured  and  shown  in 
Fig.  5.  To  is  the  maximum  transmittance  of  the  film  after  full  hy¬ 
drogenation  and  T  is  the  transmittance  of  the  film  during  the 
desorption  process.  It  is  found  that  the  transmittance  value  de¬ 
creases  immediately  once  the  sample  is  exposed  to  air  at  room 
temperature,  indicating  the  transition  from  the  transparent  hydride 
state  to  the  highly  reflecting  metallic  state.  According  to  Lam- 
bert-Beer’s  law,  ln(T/Tb),  the  logarithm  of  the  optical  transmittance 
is  expected  to  vary  linearly  with  the  hydrogen  concentration  in  the 
film  [34  .  The  desorption  rate  can  be  determined  from  the  slope  of 
the  curve,  assumed  that  the  sample  is  totally  dehydrogenated  when 
the  transmittance  reaches  a  constant  value.  Therefore,  the  amount 
of  Mg  hydride  that  transforms  into  Mg  during  the  desorption 
process  can  be  calculated.  It  is  worth  to  note  that  the  La  3  nm 
sample  can  release  about  80%  of  the  absorbed  hydrogen  within 
60  min  at  room  temperature. 

Fig.  6  shows  the  cyclic  voltammograms  (CV)  of  the  Mg-La-Pd 
films  versus  Hg/HgO  electrode  in  6  M  KOH  solution  between  -1.2 
and  0.45  V.  The  broad  cathodic  wave  in  the  CV  curves  around  -1.0  V 
is  assigned  to  the  hydrogen  absorption  process,  and  the  hydrogen 
evolution  reaction  occurs  at  potentials  more  negative  than  -1.0  V 
[35].  The  broad  anodic  peak  observed  in  the  potential  range  of  -0.5 
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before  hydrogenation 


after  hydrogenation 


after  dehydrogenation 


Fig.  4.  (a)  Optical  transmittance  spectra  of  the  Mg-La-Pd  trilayer  films  with  various  thickness  after  absorbing  0.1  MPa  H2  at  298  K  for  5  h;  (b)  The  corresponding  photographs  of  the 
La  3  nm  sample  before  hydrogenation,  and  after  hydrogenation  and  dehydrogenation. 


Fig.  5.  The  optical  transmittance  changes  of  the  La  3  nm  sample  at  wavelength  of 
500  nm,  T/T0,  with  respect  to  exposure  time  during  the  desorption  process  at  room 
temperatures  in  ambient  air. 

to  -0.9  V  is  related  to  the  hydrogen  desorption  [29  .  The  different 
locations  of  the  anodic  peaks  are  due  to  the  different  thicknesses  of 
La  interlayer  in  these  samples.  As  shown  in  Fig.  6,  the  anodic  area 
and  anodic  peak  current  density  changes  with  the  thickness  of  La 
interlayer  at  the  same  tendency  with  the  resistance  and  the  optical 
transmittance  properties.  The  La  3  nm  film  possesses  the  largest 


Fig.  6.  The  cyclic  voltammograms  (CV)  of  the  Mg-La-Pd  trilayer  films  versus  Hg/HgO 
electrode  in  6  M  KOH  solution  between  -1.2  and  0.45  V. 
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Fig.  7.  The  discharge  capacity  at  different  cycles  of  the  Mg-La-Pd  trilayer  films. 

anodic  area  and  anodic  peak  current  density  of  0.1420  A  g-1,  while 
the  La  9  nm  film  has  the  smallest  anodic  area  and  anodic  peak 
current  density  of  0.0227  A  g-1.  It  is  well  known  that  the  value  of 
peak  current  density  can  be  used  to  evaluate  the  electrocatalytic 
activity  of  a  hydride  electrode.  A  larger  peak  current  density  means 
a  higher  electrocatalytic  activity  [36  .  In  this  study,  the  large  peak 
current  density  demonstrates  a  faster  chemical  reaction  speed  in 
the  film  electrode,  which  also  means  a  faster  hydrogen  diffusion 
rate  through  the  film.  Therefore,  hydrogen  atoms  diffuse  much 
faster  in  the  La  3  nm  sample,  compared  with  other  films.  This 
agrees  well  with  the  change  of  the  electrical  resistance  of  the 
Mg-La-Pd  films  during  the  hydrogen  absorption  shown  in  Fig.  2. 
This  phenomenon  can  also  be  correlated  to  the  thickness  of  La  layer 
in  the  films.  The  hydrogen  atoms  can  hardly  diffuse  to  the  surface  of 
the  Mg  layer  in  case  that  the  La  interlayer  is  as  thick  as  9  nm. 

The  discharge  capacities  of  the  film  can  be  determined  by  the 
amount  of  hydrogen  absorbed  and  desorbed.  Fig.  7  displays  the 
discharge  capacities  at  different  cycles  of  the  Mg-La-Pd  films.  It 
can  be  seen  that  the  maximum  discharge  capacities  of  the  La 
0.5  nm,  La  2  nm,  La  3  nm,  La  4.5  nm  and  La  9  nm  are  207.8,  310, 
377.8,  195.1  and  175.7  mAh  g-1,  respectively,  exhibiting  similar 
regularity  with  the  electrical  resistance  changes  of  the  Mg-La-Pd 
films  during  the  hydrogen  absorption.  The  La  3  nm  sample  displays 
the  highest  maximum  discharge  capacity  among  the  Mg-La-Pd 
films,  which  is  also  quite  larger  than  that  of  the  La/Ni/Al  film,  about 
220  mAh  g-1  [30].  It  is  also  found  in  Fig.  7  that  the  discharge 


602 


T.  Liu  et  al.  /  Journal  of  Power  Sources  267  (2014)  598—602 


capacities  of  the  Mg-La-Pd  films  decline  only  slightly  after  100 
cycles,  showing  a  good  cycle  performance. 

4.  Conclusions 

The  Mg-La-Pd  trilayer  films  with  0.5-9  nm  La  interlayer  were 
prepared  by  magnetron  sputtering  method.  With  the  increase  of  La 
layer  thickness,  the  hydrogenation  rate  of  the  Mg-La-Pa  films  un¬ 
der  0.1  MPa  H2  at  298  I<  increases.  The  further  increase  of  La  layer 
thickness,  larger  than  3  nm,  decreases  the  hydrogenation  rate  due 
to  the  prohibition  of  the  continuous  and  thick  La  layer  on  the 
diffusion  of  H  to  the  surface  of  Mg.  The  hydrogenation  of  the  La 
3  nm  film  saturates  within  14  s,  and  it  releases  80%  of  hydrogen 
within  60  min  in  air  at  room  temperature,  the  fastest  absorption/ 
desorption  kinetics  compared  with  other  Mg-La-Pd  films.  The 
electrochemical  properties  of  the  Mg-La-Pd  films  show  similar 
trend  to  their  hydrogen  storage  properties.  The  maximum 
discharge  capacity  of  the  La  3  nm  film  carried  out  in  6  M  KOH  is 
377.8  mAh  g-1,  the  highest  among  these  films,  and  it  also  shows  a 
good  cycle  performance. 
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